Abstract Patients with cystic fibrosis, caused by mutations in CFTR, exhibit specific and consistent alterations in the levels of particular unsaturated fatty acids compared with healthy controls. Evidence suggests that these changes may play a role in the pathogenesis of this disease. Among these abnormalities are increases in the levels of n-7 and n-9 fatty acids, particularly palmitoleate (16:1n-7), oleate (18:1n-9), and eicosatrienoate or mead acid (20:3n-9). The underlying mechanisms of these particular changes are unknown, but similar changes in the n-3 and n-6 fatty acid families have been correlated with increased expression of fatty acid metabolic enzymes. This study demonstrated that cystic fibrosis cells in culture exhibit increased metabolism along the metabolic pathways leading to 16:1n-7, 18:1n-9, and 20:3n-9 compared with wild-type cells. Furthermore, these changes are accompanied by increased expression of the enzymes that produce these fatty acids, namely D5, D6, and D9 desaturases and elongases 5 and 6. Taken together, these findings suggest that fatty acid abnormalities of the n-7 and n-9 series in cystic fibrosis are as a result, at least in part, of increased expression and activity of these metabolic enzymes in CFTR-mutated cells.
Introduction
Cystic fibrosis (CF) is the most common life-threatening genetic disease in the Caucasian population, affecting 1 in every 3,000 newborns [1] . CF is caused by mutations in the cystic fibrosis transmembrane regulator (CFTR) gene [2] . The protein product of this gene is a cAMP-regulated chloride channel that belongs to the ATP binding cassette family. This protein also transports bicarbonate and indirectly regulates sodium flux. The mutations in CFTR cause accumulation of viscous secretions in the body, ultimately leading to pancreatic insufficiency, intestinal malabsorption, chronic airway infection, inflammation, and progressive lung disease [1] .
In addition to the classic clinical findings in CF, specific fatty acid abnormalities have been consistently identified in the plasma and tissues of CF animal models, human patients, and cultured cell models compared with wild-type controls (reviewed in Refs. [3, 4] ). The most noted of these are decreases in linoleate (18:2n-6) and docosahexaenoate (22:6n-3) , and, in most cases, elevation of arachidonate (20:4n-6) . Studies in mice suggest that these abnormalities are involved in the pathophysiology of CF [5] .
Less attention has been paid to important fatty acid changes outside of the n-6 and n-3 pathway. These include increased concentrations of palmitoleate (16:1n-7), oleate (18:1n-9) , and eicosatrienoate or mead acid (20:3n-9) in the cells and plasma of CF patients. In some studies, these changes were present along with pancreatic insufficiency and intestinal malabsorption [6, 7] , and elevations of these fatty acids are a known marker of essential fatty acid deficiency [8, 9] . However, similar observations have been made in well-nourished CF patients [10] [11] [12] and some cultured CF cells [13] , suggesting additional underlying causes exist to explain these alterations. Importantly, DHA therapy, which is known to reverse the n-3 and n-6 fatty acid abnormalities in CF patients and correct CF pathology in mice, also reduces 20:3n-9 levels [14] .
These fatty acids are of particular interest in CF pathophysiology because of their functional properties outside cell membranes. A recent study revealed that 16:1n-7 acts as a lipid hormone, a so-called lipokine, providing communication between adipose tissue and distant organs to regulate systemic metabolic homeostasis [15] . Furthermore, there is evidence suggesting that products of D9-desaturase, which include 16:1n-7 and 18:1n-9, are involved in modulating inflammation [16] [17] [18] , as are oxygenated products of 20:3n-9 [19] .
Unlike the n-3 and n-6 series fatty acids, 16:1n-7, 18:1n-9, and 20:3n-9 can be synthesized de novo. Palmitate (16:0; PAM), synthesized from acetyl CoA, can be converted to these fatty acids via the pathways indicated in Fig. 1 . Our group has shown that alterations in n-3 and n-6 fatty acids in CF cells are associated with increased expression and activity of D6 and D5 desaturases compared with wild-type cells [20] . The objective if this study was to test whether the above-described changes in n-7 and n-9 fatty acids are also a result of altered activity of fatty acid metabolizing enzymes.
This hypothesis was tested in two cell culture models of CF with similar fatty acid abnormalities to those present in humans [13, 21] . To investigate the relative activities of fatty acid-metabolizing enzymes, the conversion of radiolabeled palmitate (16:0), stearate (18:0), and 18:1n-9 to downstream fatty acid products was measured and correlated with the expression of desaturase and elongase enzymes in CF cells. The results show increased metabolism of these fatty acids to 16:1n-7, 18:1n-9, and 20:3n-9 in CF compared with wild-type cells. There was also increased expression of D9, D6, and D5 desaturases and elongase 6. These findings suggest that increases in the expression and activity of these fatty acid metabolic enzymes are at least in part responsible for changes in the levels of these fatty acids observed in CF.
Materials and Methods

Materials
Radiolabeled fatty acids, [ -sense and antisense cells were a gift from Dr Pamela Davis (Case Western Reserve University School of Medicine, Cleveland, OH, USA). These are human bronchial epithelial cells stably transfected with plasmids expressing the first 131 nucleotides of human CFTR in the sense or antisense orientation such that sense cells express wild-type CFTR and antisense cells lack CFTR expression [22] . IB3 and C38 cells were obtained from ATCC (Manassas, VA, USA). IB3 cells are compound heterozygotes which contain one DF508 allele and one nonsense mutation, W1282X, with a premature termination signal [23] . The CF phenotype present in the IB3-1 cells has been corrected in the C38 cell line by transfection with wild-type CFTR [24] . Cell culture techniques were performed as previously described [13, 21] . Cells were grown in tissue-culture flasks coated with LHC basal media (Invitrogen, Carlsbad, CA, USA) containing 0.1 mg/mL BSA (Sigma-Aldrich, St Louis, MO, USA), 10 lg/mL human fibronectin (Sigma-Aldrich), and 3 lg/mL vitrogen (Angiotech Biomaterials, Palo Alto, CA, USA). Complete culture medium comprised minimum essential medium ? glutamax (Invitrogen) supplemented with 100 lg/mL streptomycin, 100 U/mL penicillin, and 10% horse serum (Atlanta Biologicals, Lawrenceville, GA, USA). Cells were grown at 37°C in a 5% CO 2 humidified incubator. Medium was changed three times weekly.
For experiments, cells were seeded in six-well experimental plates. Sense cells were seeded at 3 9 10 5 cells/ well and antisense cells were seeded at 1 9 10 5 cells/well. This enables the sense cells, which are smaller in size, to reach confluence at approximately the same time as antisense cells. C38 and IB3 cells were seeded at 1 9 10 5 cells/well. All cells were allowed to grow until two days post-confluence (7-8 days) before being used for experiments. This time point was chosen because it is the point at which the fatty acid abnormalities are most distinct [13] .
Fatty Acid Composition Analysis
Sense and antisense cells were cultured as above until two days post-confluence, after which they were washed twice in ice-cold PBS, scraped, and transferred to a glass tube. The saturated fatty acid 17:0 (10 lg) was added as an internal standard. Lipids were extracted using a modification of the method of Folch et al. [25] . Cells were harvested by rinsing twice with ice-cold phosphate-buffered saline (Invitrogen), then scraping on ice with a rubber policeman. The cells were pelleted by centrifugation (1009g for 8 min). The cell pellet was resuspended in 0.5 mL cold phosphate-buffered saline, and lipids were extracted by adding six volumes of chloroform-methanol (2:1, v/v). These samples were incubated on ice for 10 min, vortex mixed, and centrifuged (1,1009g for 10 min). The lower, organic, phase was transferred to a new glass tube and dried down completely under a stream of nitrogen. Fatty acids were methylated using boron trifluoride (BF 3 ; 14% in methanol; Sigma-Aldrich) and a methanolic-base reagent [26] as follows: 0.5 mL 0.5 M methanolic NaOH (Acros Organics, Geel, Belgium) was added to the sample, vortex mixed, and heated at 100°C for 3 min, followed by addition of 0.5 mL BF 3 at 100°C for 1 min. To extract the fatty-acid methyl esters (FAMEs), 1 mL hexane was added to the mixture which was then incubated at 100°C for 1 min, followed by addition of 6.5 mL saturated NaCl solution. The sample was then vortex mixed and centrifuged (5009g for 4 min) to separate the liquid phases. The upper, hexane, layer was used for quantification of FAMEs by gas chromatography (GC) using an Agilent 7980A GC system (Agilent Technologies, Santa Clara, CA, USA) equipped with a Supelcowax SP-10 capillary column (Supelco, Bellefonte, PA, USA) coupled to a mass spectrometer (model 5975c, Agilent Technologies). FAME mass was determined by comparing areas of unknown FAMEs with that of a fixed concentration of the 17:0 internal standard. Results were expressed as the molar percentage (mol%) of each FAME relative to the total FAME mass of the sample.
Fatty Acid Metabolism Experiments
For fatty acid metabolism experiments, medium containing radiolabeled fatty acids was prepared by drying the fatty acids dissolved in ethanol under a continuous stream of nitrogen gas. Reduced-lipid medium was added to the tube and sonicated three times for 5 s each. At two days postconfluence, each well was incubated for 4 h with media supplemented with reduced-lipid fetal bovine serum (Hyclone, Logan, UT, USA) and containing 0.5 lCi/well radiolabeled 16:0, 18:0, or 18:1n-9 and either harvested (4 h samples) or washed with PBS and incubated in complete medium for an additional 20 h before harvest (24 h samples). Lipids were then extracted and methylated as above. After methylation, the samples were dried under nitrogen, reconstituted in 200 lL methanol, then dried to a volume of approximately 50 lL. The mixture was vortex mixed, and 20 lL was injected for HPLC analysis (Agilent Technologies 1200 series instrument) on a 4.6 9 250 mm, 5 lm, Agilent Zorbax Eclipse XDB-C18 column. A 4.6 9 12.5 mm, 5 lm, guard column was used in conjunction with the analytical column. The fatty acids were separated using a binary mobile phase with a constant flow rate of 1 mL per minute. The solvent program began with 90% solvent A (100% HPLC-grade methanol) and 10% solvent B (HPLC-grade H 2 O) for 40 min, followed by 100% solvent A for 20 min. Peaks were detected using ultraviolet detection at 205 nm and identified by comparing retention times with those of unlabeled FAME standards. Quantification of the radiolabeled peaks was performed by use of a scintillation detector (b-RAM Model 4, IN/US Systems) coupled to the HPLC. Data are reported as percentage of total counts.
Quantitative Real-Time PCR Specific primers for each gene of interest were designed using Beacon Designer software (Premier Biosoft International, Palo Alto, CA, USA), the sequences of which are listed in Table 1 . To prevent amplification of genomic DNA, forward and reverse primers were designed from adjacent exons. Primer fidelity and efficiency were tested using an iCycler iQ system (Bio-Rad Laboratories, Hercules, CA, USA) using iQ5 software (Bio-Rad). Each primer pair produced a single product on melt curve analysis and had amplification efficiencies [94%.
At two days post-confluence, total RNA was prepared from cells using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. Residual DNA was removed by treatment with DNase I (DNA-free kit; Ambion, Austin, TX, USA). First-strand cDNA was synthesized from 2 lg total RNA using TaqMan reverse transcription reagents with random hexamer primers (Applied Biosystems, Foster City, CA, USA).
Quantitative real-time PCR was performed in a 20 lL reaction containing 50 ng reverse-transcribed total RNA, 156 nM forward and reverse primers, and 10 lL 29 SYBR green PCR Master Mix (Applied Biosystems). PCR reactions were performed in triplicate in 96-well plates using the iCycler iQ or CFX96 system (Bio-Rad). Results were analyzed using iQ5 or CFX Manager software (Bio-Rad). The relative amount of mRNAs was calculated using the comparative C T method [27] . RPLP0 mRNA was used as an invariant control.
Statistical Analysis
Data are presented as mean ± standard error of the mean (SEM). Statistically significant differences between groups were evaluated by use of Student's t test to compare means in the sense and antisense groups using Excel (Microsoft, Redmond, WA, USA). P \ 0.05 was interpreted as statistically significant.
Results
The metabolic pathways leading to the formation of 16:1n-7, 18:1n-9, and 20:3n-9 are shown in Fig. 1 . These pathways were evaluated first in 16HBEo
-human bronchial epithelial cells stably transfected with plasmids expressing the first 131 nucleotides of the cftr gene in either the sense or antisense orientation [22] . Consequently, the sense cells express CFTR protein whereas the antisense cells show nearly complete loss of both CFTR expression and activity [13, 22] .
The relative fatty acid composition of sense and antisense cells is shown in Table 2 . A small, but statistically significant increase in the saturated fatty acids 16:0 and 18:0 was observed for antisense cells (3.2 and 4.1% increase, respectively, compared with sense cells). Larger increases are seen in the monounsaturated derivatives of these fatty acids, 16:1n-7 and 18:1n-9 (13 and 15% increase, respectively). The largest relative increase in antisense cells was for 20:3n-9, which was 80% higher in antisense than sense cells. Of note, the 20:3n-9/20:4n-6 ratio, a marker of EFA deficiency [28] , is significantly increased in antisense versus sense cells (0.09 vs. 0.05; P \ 0.001).
To determine if these fatty acid changes in antisense cells were a result of alterations in enzymatic metabolism, sense and antisense cells were incubated with radiolabeled 16:0, 18:0, and 18:1n-9, and conversion to downstream metabolites was measured. The results of labeling experiments with [1- 14 C]16:0 are shown in Fig. 2 . After 4 h incubation, there was significant diminution of 16:0 with increased conversion to 16:1n-7, 18:0, and 18:1n-9 in antisense cells compared with sense cells (Fig. 2a) . This effect persisted for all but 18:0 at 24 h (Fig. 2b) , perhaps because of subsequent conversion to 18:1n-9.
Similar results were observed when cells were incubated with [1- 14 C]18:0. Metabolism of 18:0 to 18:1n-9 was increased in antisense versus sense cells at both time points (Fig. 3a, b) , although these differences were statistically significant at 24 h only. Further metabolism to 20:3n-9 was significantly increased in antisense cells at both time points.
Increased production of 20:3n-9 is, in part, because of increased metabolism of 18:1n-9. When incubated with [1- 14 C]18:1n-9, antisense cells showed increased conversion of this substrate to 20:3n-9 at both time points, with difference reaching statistical significance at 24 h (Fig. 4a, b) .
Taken together, these fatty acid metabolism results indicate that antisense cells exhibit increased enzymatic activity catalyzing the conversion of 16:0 to 16:1n-7 and from 16:0 through 18:0 to 18:1n-9. The enzymes responsible for these metabolic conversions are D9-desaturase and elongase 6, which are regulated almost entirely at the transcriptional level [29, 30] . To test potential changes in the expression of these enzymes, quantitative RT-PCR was performed on total RNA extracted from sense and antisense cells using primers specific to these two enzymes. As predicted, there was a significant increase in the relative mRNA levels corresponding to both elongase 6 and D9-desaturase (Fig. 5a ).
To confirm these findings, expression of these enzymes was measured in a second cell-culture system. The IB3 cell line consists of immortalized bronchial epithelial cells from an actual CF patient that carried a compound heterozygous genotype (DF508/W1282X) [23] . C38 cells are IB3 cells stably transfected with a wild-type cftr gene, restoring normal CFTR function [24] . They were used as controls. Similar to the sense and antisense cells, the IB3 cells exhibit increased expression of both elongase 6 and D9-desaturase compared with C38 cells (Fig. 5b) .
Further metabolism of 18:1n-9 is catalyzed by D6-desaturase, elongase 5, and D5-desaturase (Fig. 1) . Previous studies [20] in these cell culture systems demonstrated that expression of the two desaturase enzymes is significantly increased in antisense versus sense cells. All three enzymes show increased expression in IB3 versus C38 cells. Levels of labeled 16:0, 16:1n-7, 18:0, and 18:1n-9 were determined by HPLC as described in ''Materials and Methods''. Data are expressed as percentages of total counts and bars represent mean ± SEM (n = 3). The findings are representative of at least two independent experiments. *P \ 0.05, **P \ 0.01, ***P \ 0.001 for sense versus antisense cells
Discussion
Changes in fatty acid levels are a consistent feature of CF and there is increasing evidence that they are involved in the pathogenesis of the disease. For example, studies have shown that fatty acid alterations are more pronounced in patients carrying genotypes associated with more severe disease [12, 31] . Accordingly, the degree of fatty acid alteration correlates with the severity of CF-associated clinical data [32] [33] [34] . Furthermore, correction of fatty acid alterations by docosahexaenoate (22:6n-3) in a mouse model of CF also corrects CF-associated respiratory and gastrointestinal tract pathology [5] . If fatty acid imbalances play a role in CF pathogenesis, it is important to understand their underlying molecular mechanisms. A recent study demonstrated that changes in n-3 and n-6 polyunsaturated fatty acids in CF cells are a result of increased expression of fatty acid metabolic enzymes, specifically the D5 and D6 desaturases [20] . Our study extends this analysis to alterations observed in n-7 and n-9 fatty acids. It demonstrates increased metabolism of 16:0 to 16:1n-7 and of 16:0 through 18:0 to 18:1n-9 and 20:3n-9 in antisense cells. These changes are associated with increased expression of fatty acid metabolic enzymes, including D5, D6, and D9 desaturases and elongase 6 both in antisense cells and in IB3 cells. Combined, the findings of these two studies strongly support the notion that induction of metabolic enzymes underlies alterations of fatty acid composition in CF. Furthermore, the detection of these changes in an isolated, homogenous cell culture system confirms that the alterations are a result of intrinsic alterations in the CFTR-mutated cells, and not caused by malabsorption or other physiologic abnormalities of CF patients. 18:1n-9 and 20:3n-9 were determined by HPLC as described in ''Materials and Methods''. Data are expressed as percentages of total counts and bars represent mean ± SEM (n = 3). The findings are representative of at least two independent experiments. *P \ 0.05, **P \ 0.01, ***P \ 0.001 for sense versus antisense cells Although this study begins to unravel the mechanisms of fatty acid changes in CF, the relationship between CFTR mutations and these alterations remains unclear. While CFTR, functions primarily as a chloride channel, it interacts with other proteins and is involved in several other physiologic processes [35] . Thus, changes in fatty acid metabolism could result from a number of different molecular and physiologic alterations caused by CFTR mutation. Consequently, it may be most sensible to begin with the fatty acid metabolic changes and work backwards, establishing this connection step by step. Our work contributes to early first steps in that process.
Others have described similar changes in fatty acid metabolism. Mailhot et al. [36] , using a different cell type, a model of Caco-2/15 cells deficient in CFTR, showed altered regulation of lipid metabolism in the CFTR deficient cells. These cells had higher cellular fatty acid content and an elevated proportion of saturated and n-7 fatty acids. These changes were felt to be a result of increased de-novo lipogenesis, enhanced fatty acid uptake, and suppression of transcription factors PPAR-a, RXR-a, LXR-a, and LXR-b mRNA, which are involved in the regulation of lipid metabolism. Altered D9-desaturase expression in CF is also supported by the findings of Xu et al. [37] , who examined the expression of selected lipid metabolizing enzymes in bone marrowderived dendritic cells from wild-type and cftr -/-knockout mice. They did not detect a difference in D9-desaturase mRNA levels between wild-type and CF cells at baseline. However, when exposed to Pseudomonas infection, D9-desaturase expression was down-regulated in wild-type, but not CF cells. The net result was significantly increased expression of this enzyme in infected CF versus wild-type cells.
Some have speculated that abnormalities in n-3 and n-6 fatty acid levels contribute to CF pathogenesis by increasing production of oxygenated fatty acid species, notably the eicosanoids. The specific role that increased n-7 and n-9 fatty acids, for example 16:1n-7, 18:1n-9, and 20:3n-9, might play in the pathophysiology of CF is less obvious. However, there is a growing recognition that these lipids are important in mammalian physiology and disease. For example, several recent studies have demonstrated that 16:1n-7 increases the insulin sensitivity of peripheral tissues, particularly muscle and liver [15, 38] . In this ''lipokine'' role, it may also partially mediate the effect of insulin-sensitizing drugs, for example thiazolidinediones [39] . These findings may partially explain the described role of D9-desaturase in obesity and insulin resistance [40] and emphasize the role of 16:1n-7 as a signaling molecule.
The other major product of D9-desaturase metabolism, 18:1n-9, has been shown to be involved in inflammation, a process particularly germane to CF pathophysiology. Liu et al. [17] showed that decreased 18:1n-9 in D9-desaturasedeficient mice attenuated inflammation in adipocytes, macrophages, and endothelial cells. In contrast, Harvey et al. [41] showed that 18:1n-9 blocks 18:0-induced cell growth inhibition and inflammatory signaling. Other studies [16, 18] have found that decreased 18:1n-9 levels because of D9-desaturase inhibition or deletion exacerbate inflammation in mouse models of acute colitis and atherosclerosis. Thus, 18:1n-9 may have cell-specific effects in inflammation. In addition, Patel et al. [19] demonstrated that 20:3n-9 may mediate inflammation via oxygenated were incubated in complete medium for seven days, after which RNA was extracted and cDNA synthesized as described in ''Materials and Methods''. qRT-PCR was performed using primers for the mRNA sequences of elongase 6 (ELOVL6) and D9-desaturase (SCD). Relative expression was determined by the DDC T method using ribosomal protein RPLP0 as a control. Bars represent mean ± SEM (n = 3). The findings are representative of at least two independent experiments. *P \ 0.05, **P \ 0.01, ***P \ 0.001 for sense versus antisense or IB3 versus C38 cells derivatives. This study found that the major product of 20:3n-9 metabolism was 5-hydroxy-20:3, a potent proinflammatory mediator and activator of neutrophils and eosinophils. It should be noted that a high-fat diet is recommended for patients with CF, with no suggestion that the fat be of a specific type and therefore provide the patient with higher concentrations of specific fatty acids. Understanding the metabolic mechanisms responsible for the specific fatty acid alterations observed in CF may lead to better informed and more specific dietary and therapeutic recommendations that may be beneficial for patients.
